• Repeater analysis of foreshocks favors independent slow slip event instead of cascade triggering.
• Mainshock back-projection reveals multiple episodes of re-ruptures of the foreshock zone.
Abstract
The transition between seismic rupture and aseismic creep is of central interest to better understand the mechanics of subduction processes. A Mw 8.2 earthquake occurred on April 1st, 2014 in the Iquique seismic gap of northern Chile. This event was preceded by a long foreshock sequence including a 2-week-long migration of seismicity initiated by a Mw 6.7 earthquake. Repeating earthquakes were found among the foreshock sequence that migrated towards the mainshock hypocenter, suggesting a large-scale slow-slip event on the megathrust preceding the mainshock. The variations of the recurrence times of the repeating earthquakes highlight the diverse seismic and aseismic slip behaviors on different megathrust segments. The repeaters that were active only before
Introduction
The Chilean western coast is characterized by subduction of the Nazca plate underneath the South American plate, resulting in frequent, large interplate earthquakes. In the northern Chile subduction zone, the Nazca plate subducts eastnortheast at a rate of ∼67mm/yr(e.g., Métois et al., 2013) relative to the South American plate at a dip angle of 25°-30° (Chlieh et al., 2011) .
On April 1st 2014, the Mw 8.2 Iquique subduction earthquake occurred approximately at a depth of 20.1 km, 50 km west of the northern Chilean coastline (Fig. 1 , according to the catalog determined by the Centro Sismológico Nacional (CSN)). It has been long recognized that this region with high coupling rates (Chlieh et al., 2011 , Métois et al., 2013 , termed the "Iquique seismic gap" (Kelleher, 1972 , Nishenko, 1985 , had not experienced large earthquakes since a Mw 8.8 event in 1877 except for a Mw 7.4 event in 1967 and a Mw 7.7 earthquake in 2007 ( Fig. 1-inset ) (e.g., Comte and Pardo, 1991; Lomnitz, 2004; Peyrat et al., 2010) . A Mw 8.6 earthquake occurred north of the Iquique gap in 1868, which was partially re-ruptured by the Mw 8.4 Arequipa earthquake in 2001 . In 1995, a Mw 8.1 earthquake occurred just south of the Iquique gap in Antofagasta, rupturing a 180-km-long fault segment and causing surface deformation near the 2014 earthquake (Chlieh et al., 2004) .
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2. Download full-size image Fig. 1 . High-frequency back projections and average locations of repeating earthquake sequences or pairs. The blue contour lines denote the slip model (in cm) of the Mw 8.2 mainshock by Hayes et al. (2014) and the red contour lines denote the slip model of the Mw 7.6 aftershock (provided by Chen Ji) . The purple, brown and magenta squares denote the back projections (0.5-2 Hz) of the Mw 6.7 foreshock, Mw 8.2 mainshock and Mw 7.6 aftershock, respectively, sized by the corresponding relative beamforming power. The thick dark green line denotes the contour of the Bouguer gravity anomaly of −10 mgals, with the anomaly increasing to the east. The green, red and yellow dots denote the average locations of repeating sequences containing events that occurred only before (preseismic-only), before and after (pre-and-post-seismic) , and only after (postseismic-only) the Mw 8.2 event, respectively. The blue star denotes the best-fitting strong motion generation point (SMGP, Fig. 5) . The left inset map shows historical rupture zones of several large earthquakes (closed curves) according to Chlieh et al., 2004 , Chlieh et al., 2011and Peyrat et al. (2010 . The location of Iquique seismic gap is approximately indicated. The yellow star denotes the Mw 8.2 hypocenter. The bottomright inset shows the moment-rate functions of three finite-fault models (blue, pink and orange; same colors with contours, see also Fig. S1 ) and the beamforming amplitude of back-projection (black) of the Mw 8.2 mainshock as a function of time. (For interpretation of the references to color in this figure, the reader is referred to the web version of this article.)
The 2014 Mw 8.2 event was preceded by a vigorous foreshock sequence. The latest and most prominent foreshock sequence was initiated by the largest foreshock, a Mw 6.7 event on March 16th that may have occurred at 10 km depth in the overlying South America plate . It then continued on the subduction thrust and migrated towards the mainshock hypocenter area, possibly accompanied by a large scale slow-slip event Nakagawa, 2014, Ruiz et al., 2014) , similar to the one preceding the 2011 Mw 9.0 Tohoku earthquake .
The Mw 8.2 event was also followed by an intensive aftershock sequence including a large Mw 7.6 on April 3rd that expanded the rupture zone to the south for a total length of about 200 km. Most aftershocks were located at the western and southern edges of the mainshock rupture zone.
The alternation between seismic rupture and aseismic creep is of central interest to better understand the mechanics of subduction processes (Hsu et al., 2003 , Perfettini et al., 2005 , Noda and Lapusta, 2013 , Shirzaei et al., 2014 . Here, we characterize the Iquique earthquake sequence through repeating earthquake analysis, back-projection source imaging, finite-fault inversions and energy signatures of the local strong motion data. Our observations constitute a full spectrum of slip and open a window into the complexities of the dual slip behaviors on megathrust faults.
2. Slow pre-and postseismic slip inferred from repeating earthquakes Repeating earthquakes found among the foreshocks and aftershocks can be used to illuminate aseismic slip (e.g., Igarashi et al., 2003) . They are commonly interpreted as recurrent ruptures of asperities driven by surrounding aseismic slip Johnson, 1998, Nadeau and McEvilly, 1999) . Provided the asperities have a stationary seismic coupling and follow certain magnitude-slip scaling laws, the surrounding aseismic slip history can be tracked by the evolution of the cumulated seismic moment of repeating earthquakes (Igarashi et al., 2003) . In this study we searched for repeating earthquakes in the proximity of the 2014 Iquique earthquake sequence.
The data processing and correlation analysis follow similar procedures to previous studies (e.g., Igarashi et al., 2003, Uchida and Matsuzawa, 2013) . We converted the local magnitude (Ml) to moment magnitude (Mw) by combining Ml-Mw relations determined in northern Chile (Meneses, 2014) and in the 2010 Maule aftershock sequence (Lange et al., 2012) : Mw=23Ml+1.56ifMl≤4.41 Mw=Ml+0.09if4.41<Ml<5.71 We used event locations from the regional catalog (Mw≥2.5, from 1 January 2002 to 9 June 2014) determined by the CSN catalog. We only considered earthquakes with focal depths shallower than 80 km. Broadband seismograms recorded by 3 GSN stations and 20 IPOC stations were used (Fig. S2a) . Although there were intermittent recording station failures, most events were simultaneously recorded by more than two stations (Fig. S3) . The operation of the stations started at different times with most stations collecting data since 2006. For event pairs with hypocentral separations of less than 50 km, waveforms were windowed from 3 s before the theoretical P-wave arrival times to 10 s after the S-wave arrival to include enough S wave energy. Following Igarashi et al. (2003) , the pass band was chosen according to the source size (inferred from magnitude) which is comparable to the quarter wavelength of the S-wave (at the cutoff frequency of the filter): 1-4 Hz for event pairs with both Mw≥3 or 1-8 Hz otherwise. If the cross-correlation coefficient (CC) exceeded 0.95 at two or more stations, the two events were classified into one group of repeating earthquakes (Fig. S4a) . Then all groups with common events were linked into a larger group until different groups were mutually exclusive (Fig. S4b) .
We identified 147 repeating sequences of 343 events with CC>0.95 in the Mw range from 2.9 to 4.8 (among 3809 catalog events) (Figs. 1, S2 ). With a slightly lower threshold of CC>0.92, we found 223 sequences of 552 repeaters (Fig. S2) . Previous work by Kato and Nakagawa (2014) found 12 repeating earthquake sequences with 26 events (Mw 2.4-4.6) between 1 January and 6 April 2014 in a reconstructed catalog by matched filter processing. By contrast, we identified more repeating earthquakes during this time period, although the CSN catalog is complete down to about Mw=3.5 from 2002 to the 1 April 2014 mainshock and to about Mw=4 after the mainshock (Fig. S5) . This difference may be caused by the difference of event catalog and more strict criteria they used to define repeaters (longer correlation window from P arrival to 30 s after the S arrival and a correlation coefficient >0.95 at four or more stations). We also compared the fraction of repeaters as a function of time in the vicinity of the mainshock (region A) with that in an area to the south (region B) ( We estimated the cumulative slip of each repeating sequence based on the empirical relationship between fault slip d (cm) and seismic moment M0 (dyncm) developed by Nadeau and Johnson (1998) for repeating earthquakes in Parkfield, California:
This relationship has been applied in several repeating earthquake studies along the San Andreas fault system (Nadeau and McEvilly, 2004 , the Longitudinal Valley fault in Taiwan , and in the Japan subduction zone (Igarashi et al., 2003 , Uchida et al., 2004 . The relation between recurrence time, magnitude and creep rate found by Chen et al. (2007), unifying observations from three different regions, supports the applicability of Nadeau and Johnson's empirical relation to other regions. We note that dynamic rupture models of repeating earthquakes (Chen and Lapusta, 2009) , consistent with the empirical relation by Nadeau and Johnson (1998) , produce magnitude-independent stress drop. It is possible that some repeaters are missed by the analysis due to magnitude incompleteness and the slip estimates are uncertain. Nonetheless, they provide a first order quantification of the aseismic slip on the subduction thrust associated with interseismic creep, evolving foreshock activity, and postseismic afterslip.
According to the event occurrence times relative to the Mw 8.2 mainshock, we classified the repeating sequences into preseismic-only, postseismic-only and pre-andpostseismic groups (shown in Fig. 1 and Fig. S2 by green, yellow and red dots, respectively). In general, the locations of preseismic-only repeaters surround the hypocenters of the Mw 6.7, Mw 7.6 and Mw 8.2 events and are downdip from the postseismic-only and pre-and-postseismic repeaters. The preseismic-only repeaters consist mostly of repeating pairs (except for two groups of three events) while the other two types of repeaters contain a large number of groups with three or more events (Figs. S7-S9 ), reflecting the larger amount of afterslip compared to preslip.
With CC>0.92 criterion, we identified thirteen groups of three or more repeaters in the pre-seismic-only repeaters. Nevertheless, the repeater analysis with the two thresholds (CC>0.92 and CC>0.95) produces the consistent spatial patterns (Fig. S2 ).
The along-strike positions of the foreshocks and repeaters are plotted against time in Fig. 2b . The seismicity rate increased abruptly after the Mw 6.7 event for approximately three days, possibly associated with the aftershock activity. Based on the shallow depth and diverse focal mechanisms of the Mw 6.7 event and many of its aftershocks, this initial burst may represent crustal events in the hanging wall . A second cluster of seismicity appeared six days later, further north and closer to the Mw 8.2 hypocenter. More repeating earthquakes are identified in this second sequence (Fig. 2b) . The overall sequence migrated toward the hypocenter with a speed of about 3.6 km/day along the trench (or 5 km/day along the line joining the Mw 6.7 and Mw 8.2 epicenters, . The foreshock front approached the Mw 8.2 hypocenter, and then was followed by one week of significantly reduced seismicity before the mainshock nucleated.
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2. Download full-size image Since the slow-slip behavior during the foreshock sequence is of particular interest, we focused on those repeating earthquake sequences containing events that occurred between the Mw 6.7 foreshock and the Mw 8.2 mainshock (the preseismic-only and preand-postseismic sequences shown in Fig. 2a ). These sequences are located north of ∼20.1S, in between the Mw 6.7 and Mw 8.2 epicenters. During the foreshock period, compared with the pre-and-postseismic repeaters, preseismic-only repeaters experienced shorter recurrence times (more of them occurred more than twice, Fig. 2c ) and accumulated larger slip (∼17.1-57.5cm, compared to ∼14.6-33.3cm). The aseismic slip distribution during the foreshock period is obtained by averaging the cumulative slip of different groups (Fig. 3a) . This pattern is compatible with that derived from GPS data by . Based on the slip distribution we also obtained the total aseismic moment of 2.0872e+19Nm (grid size of 0.05×0.05°), which is close to the value of 4.4e+19Nm estimated by GPS data during the foreshock period. Note that the repeater-inferred moment depends on the area of the grid, although the estimates are on the same order within a reasonable range of grid sizes (Fig. S10 ). Another notable observation is that the onset time of the repeating earthquake sequences tends to be later further to the north (Figs. 2c and 2d), consistent with the general pattern of foreshock migration. It is notable that some preseismic-only repeaters occur very close to the Mw 8.2 epicenter (Fig. 2a ).
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2. Download full-size image The pre-and-postseismic and postseismic-only repeaters illuminate the very early afterslip. After the occurrence of the Mw 8.2 mainshock, the repeaters are found in a much broader region updip of the rupture zone compared with those before the mainshock (Fig. 1) . The afterslip is estimated by averaging the cumulative slip inferred from the postseismic repeating earthquakes. It is generally distributed in the updip periphery of the preseismic and coseismic slip, although there is substantial overlap between the preseismic and postseismic slow slip zones (Figs. 3a and 3b ).
Fast coseismic slip
The fast coseismic slip is effectively captured by low-frequency (LF) finite fault inversion and high-frequency (HF) back-projection. The focal mechanisms of the Mw 8.2 mainshock and Mw 7.6 aftershock were almost purely thrust and consistent with rupture on the plate interface, whereas the mechanism of the largest Mw 6.7 foreshock indicated rupture of a more westerly striking fault plane (Hayes et al., 2014) . To extract the robust features of the coseismic slip behavior of the Mw 8.2 mainshock, we compared the coseismic slip distributions from several finite fault models based on teleseismic body and surface waveforms recorded by the global seismic network (GSN) ( model and the Caltech model, and is the smoothest of the three models. Common features include the spatial anti-correlation of the large coseismic slip with the foreshock sequence and the majority of repeating earthquakes. In particular, a robust observation is that the area of peak coseismic slip is devoid of repeating earthquakes. Interestingly, the preseismic-only repeaters are located closer to the coseismic slip than to the preand-postseismic and postseismic-only repeaters. Another common feature in all three models is the very slow initiation (Fig. 1-inset) . The moment rate amplitude remains very low in the first 20 s, rapidly increasing afterwards. The slip model of the Mw 7.6 aftershock derived by Chen Ji from strong motion data indicates a rupture area extending southeast of the mainshock rupture, with two patches of slip to the east and southwest of its epicenter.
Back projection (BP) of HF seismic waves, aiming to map the source area generating strong seismic radiation, also provides crucial insights into the rupture process. The method is commonly applied to image earthquakes recorded at teleseismic distances (e.g. Ishii et al., 2005) , regional distances (Vallée et al., 2008; Meng et al., 2012b) , and local distances Meng et al., 2014a) . The approach relies on only the timing information of coherent seismograms and is less affected by the uncertainty of seismic velocity models or the assumptions of fault kinematics. For the sake of waveform simplicity and coherency, BP typically requires seismograms recorded at teleseismic distances (between 30 to 90°). In the case of the Iquique earthquake, the only suitable large and dense teleseismic array is the USArray. Here we use USArray seismograms filtered between 2 s and 0.5 s (the highest band with adequate waveform coherency) to obtain a high-frequency image of the rupture process. Distinguishing from other BP studies of this earthquake , we applied the Multitaper-MUSIC array processing technique , Meng et al., 2014b with the "reference window" strategy (Meng et al., 2012a) , which provides higher resolution than standard beamforming and mitigates the "swimming" artifact, a systematic drift of the HF energy towards the receiver array. The initial P-wave arrivals of the filtered waveforms are first aligned and are assumed to come from the hypocenter. The filtered seismograms are then back-projected onto the source region using differential travel times relative to the hypocentral travel time, based on the IASP91 velocity model. Since differential travel time is not sensitive to small source depth changes, we projected the BP images at a reference depth of 20 km. The BP, however, was sensitive to the choice of the epicenter. Here, we adopted the epicenter location of (−70.908,−19.572) , determined by the CSN. The BP locations inherit a global uncertainty from the epicenter location uncertainty, likely less than the 10 km difference between the NEIC (−70.817,−19.642) and CSN epicenters. This difference might be accounted for by the uncertainty of the velocity model used to determine the epicenter locations and the use of more local stations in the CSN location.
One concern of the BP of the Iquique earthquake is the perturbation due to the depth phase pP. The azimuth of the USArray is close to the nodal plane of thrust events in South America, which leads to a significant depth phase in addition to the direct phase. This is demonstrated by the USArray waveforms and the P to pP ratio of a smaller M6.5 earthquake that occurred on November 13th, 2009 at a depth of 36 km (Figs. S11 and S12). Since our BP only assumes the direct phase, the depth phases result in a northward location bias towards the array, proportional to the source focal depth (Figs. S13 and S14). The BP of the relatively shallow Mw 6.7 foreshock at the depth of ∼10km was not severely affected by the depth phase. However, the Mw 8.2 and Mw 7.6 earthquake ruptures reached deeper than 35 km; therefore, the bias of the BP caused by the depth phase may be larger than 30 km. Nevertheless, since the source power is monotonically increasing in the first 55 s of the mainshock, the later and stronger direct phase suppresses the earlier depth phase. Therefore, the contamination by the depth phase should be minor up to the peak power. Our analysis suggests that the rupture process can be reliably imaged in the first 55 s of the mainshock and in the first 30 s of the Mw 7.6 aftershock.
The spatio-temporal history of the HF radiation of the Mw 8.2 mainshock is presented in Fig. 4 . The extent of the HF rupture size was on the order of 40 km, rather compact compared with the slip distributions in finite fault models. The rupture speed was slow overall but highly variable. In this HF view, the earthquake comprised two distinct stages. It began with a down-dip propagation stage-1, following a linear path towards the southeast for 20 s (Fig. 4a) . Stage-1 corresponds to the slow initiation phase in the finite fault models but, unlike the moment rate function, the BP power during the initial 20 s increased at constant rate and did not culminate in an abrupt change (black curve in Fig. 1-inset) . The HF migration speed, estimated at 3 km/s (Fig. 4c) , is not particularly slow. The HF rupture path followed the rim of the foreshock zone and coincided with the locations of a cluster of preseismic-only repeaters that failed previously in rapid succession. At the end of stage-1, the rupture reached the area of high coseismic slip of In the second stage, the HF radiation was confined in a small region north of the stage-1 HF rupture and followed a complex path with episodes of re-rupture. The rupture appeared as a rich, repeating sequence of bursts generated along the rim and at the center of a semi-elliptical region. We can decompose the HF radiation path during stage 2 into four sub-stages (2a to 2d). Between t=22and30s (stage 2a), HF radiation propagates down-dip along an arcuate path that starts close to the stage-1 path and is centered roughly at the down-dip end of the stage-1 path (Fig. 4a) . Near t=30s (stage 2b), HF radiation migrates westward rapidly, approaching the down-dip end of stage-1 rupture. Subsequently, this rupture pattern appears to repeat. Until t=45s (stage 2c), HF radiation migrates down-dip again, overlapping with the initial half of the stage-2a path, then bending south back to the stage-1 path (Fig. 4b) . After t=45s (stage 2d), HF radiation clusters again near the down-dip end of stage-1. Some details of these interpretations are subject to caution due to interference effects: sources that are separated in space and time may be artificially connected by our BP, which does not impose temporal sparsity of the sources. In particular, stages 2b and 2d could involve a jump of the HF radiation location instead of a continuous migration back to the center. It is also possible that the area involved in stages 2b and 2d was active during the whole stage 2 period, but was intermittently masked by the migrations during stages 2a and 2c. Nevertheless, two manifestations of re-rupture are robustly resolved: stages 2a and 2c unzip twice the arcuate rim of a semi-elliptical area, and stages 2b and 2d re-rupture areas involved in stage 1. Re-rupture in stage 2d is particularly well resolved owing to its higher HF radiation power than earlier stages. Also note that BP tracks the centroids of the HF radiation areas, but does not constrain their spatial extension at each time, hence the overlap between the areas of HF radiation during different sub-stages may be more significant than depicted in Fig. 4 . A compact HF rupture is consistently found in previous BP studies . Our study, however, focused on the detailed spatiotemporal analysis of the rupture process. The re-rupture found here in stage 2 is also observed by Schurr et al. (2014) . However, their results show rerupture extending back to the hypocenter region, a feature inferred from analysis of waves arriving after the peak BP power which, as shown here, could be affected by the artifact caused by the depth phases.
The BP also revealed the rupture patterns of the Mw 7.6 aftershock and Mw 6.7
foreshock. The HF radiation of the Mw 7.6 aftershock was divided into two clusters at the down-dip edge of the two patches of slip (Fig. 1) . The Mw 6.7 earthquake exhibited a unilateral northward propagation and its horizontal HF radiation seemed to coincide with locations of pre-seismic-only repeaters in the first burst of the foreshock sequence.
We inspected the near-source ground motions recorded by a strong motion network in Chile to identify the local signature of features we observed at teleseismic distances.
We analyzed recordings of 19 surface accelerometers located along the western coast of northern Chile. We integrated to velocity and computed smoothed S wave energy envelopes. and 30 s after the mainshock origin time (blue star in Fig. 1 and Fig. 5 ), which is overall consistent with that of the Eastern-most HF spot imaged by BP (Fig. 4a) . The residual between the predicted and observed arrival time was due to the limitation of the single point source assumption. For instance, the peak energy arrived later than predicted at the three southernmost stations, possibly due to a later rupture to the south (or early aftershock) affecting only the local stations. The fitting can probably be improved through finite fault models inverting the envelope of strong motion data (e.g. Nakahara, 2008), which is beyond the scope of this paper. Nevertheless, the location and timing of the most prominent burst is consistent with the deepest part of the down-dip HF propagation identified by BP.
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Discussion
The repeaters and back-projection analysis together with finite-slip models of the rupture provide an interesting opportunity to study the dual behavior of slip on megathrust faults. It has been long debated whether aseismic and seismic slips tend to occur on different sections of the plate interface or if they overlap substantially. Geodetic observations often suggested that postseismic afterslip occurred in places complementary to areas of large coseismic slip (e.g., Perfettini et al., 2005) , although the poor resolution of off-shore slip by on-land geodesy challenges such inferences in subduction zones. Particularly, the geodetic observations are inconclusive regarding the contribution of slow slip preceding the Iquique earthquake . The in situ repeating earthquakes help characterize the aseismic slip of megathrusts with better resolution (e.g., Uchida and Matsuzawa, 2013) . Our observations of the Iquique earthquake sequence reveal a rather complicated relationship between the seismic and aseismic slip areas.
With the most strict criteria (CC>0.95), many of the identified repeaters are repeating pairs, especially before the mainshock. With a slightly lower threshold (CC>0.92), more groups with three or more events emerge (Figs. S7-S9 ). One might wonder if repeater pairs are truly diagnostic of aseismic slip, as "doublets" (neighboring earthquake pairs occurring within days to weeks) are not uncommon in catalogs. We find that some repeaters did occur before the 2014 sequence, which are most likely driven by the background aseismic slip. The scarcity of repeater sequences with three or more events occurring before the mainshock can be explained by the relatively small amount of total aseismic slip during the pre-seismic slow slip transient being insufficient to drive the repeater asperities to break more often. In comparison, many repeater sequences have more than two events after the mainshock, which is consistent with the total afterslip of the Mw 8.2 event being much larger than its preslip. Given our uniform and strict criteria, we consider both the repeating pairs and longer sequences as diagnostic of aseismic slip.
The contribution of aseismic creep is also supported by comparisons of the fraction of repeaters relative to the cumulative number of earthquakes (Fig. S6) . The fraction increases significantly in the mainshock area but it remains almost constant in an area to the south. This increase of the repeater fraction is consistent with repeating earthquake sites located on the megathrust being triggered more efficiently by accelerating aseismic slip than by the background loading. Repeating earthquakes can result from a number of processes leading to accelerated loading rate or weakening, including aseismic slip (on the same fault or on a neighboring fault), fluid flow or pressure transients, and stress transfer from neighboring earthquakes. The stress transfer mechanism would increase equally the number of repeaters and non-repeaters, which is not supported by our observation of elevated repeater fraction. We consider a fluid pressure transient mechanism to be unlikely if pressure transients are expected to migrate updip rather than along strike. The fact that the repeater fraction increases years before the 2014 sequence lends support to a multi-year gradual unlocking process proposed by Schurr et al. (2014) .
The repeating earthquakes show a rather complex spatial distribution and do not simply reflect that of the overall foreshock and aftershock activities (Fig. S1) . The aftershocks are distributed in the broad proximity of the Mw 8.2 mainshock, some of which overlap with the region of maximum slip. This region is however devoid of repeaters, suggesting full coupling and little postseismic slip. Alternatively, small asperities responsible for repeating earthquakes might be absent in the peak slip area of the mainshock. In the former scenario, our observations imply a purely stick-slip behavior. The spatial distribution of repeating earthquakes indicates a first order aseismic slip pattern, but their different temporal behaviors mark different degrees of seismic coupling, consistent with observations of the Tohoku-Oki earthquake (Uchida and Matsuzawa, 2013) . The locations of preseismic-only repeaters (green in Fig. 1 ) overlap with areas of substantial coseismic slip, yet not the area of peak coseismic slip. This suggests that the periphery of the fully-locked asperity experienced both aseismic slip before the mainshock and coseismic slip (which shut off the repeaters). The pre-and-postseismic (red) and postseismic-only repeaters (yellow) suggest no (or smaller) coseismic slip and dominance of aseismic slip at the fringes of fully locked sections of the megathrust. The pre-and-postseismic repeaters (red) correspond to creeping areas experiencing large aseismic slip during the foreshock period, as well as post-earthquake afterslip (Figs. 2a   and 2d ). The areas of post-seismic-only repeaters (yellow) slipped too slowly during the foreshock sequence and temporarily accelerated during early afterslip. These could be creeping areas (interspersed by repeater patches) that were too stable to participate in the precursory slow slip event, but accelerated when triggered by the faster and larger stressing by the mainshock and its post-seismic slip. Alternatively, they could be locked regions that are also capable of aseismic slip, like the preseismic-only regions. Part of the preseismic-only and pre-and-post-seismic sequences (Fig. 2) experienced rapid recurrences during the foreshock period, which are mainly distributed along the path from the hypocenter of the Mw 6.7 foreshock to the Mw 8.2 mainshock. These asperities may have slipped slowly in prior years, then accelerated during the foreshock sequence, and finally shut off temporarily by coseismic slip and stress drop (preseismic) or rapidly accelerated during afterslip (post-seismic). The pre-seismic repeater shutoff is either temporarily due to coseismic stress drop or permanently due to a change in fault zone properties induced by the rupture. In areas with no repeaters (e.g., the area of the large coseismic slip patch and some of the shallow and deep portions of the megathrust in Chile), no information is available on the mode and timing of slip.
These areas could have been completely locked prior to the events or experienced aseismic slip.
Foreshock sequences accompanied by repeating earthquakes are thought to be a manifestation of a large-scale background slow slip transient , Uchida et al., 2004 , Uchida and Matsuzawa, 2013 ). An alternative interpretation is that the migrating seismicity is simply produced by cascade triggering of a mainshock-aftershock sequence following Omori's Law (Helmstetter and Sornette, 2003) , or through the drive of afterslip or the load by stress transfer from neighboring earthquakes or changes in fluid pore pressure. In this case the repeating earthquakes are driven by the afterslip of the moderate to large foreshocks instead of an independent slow slip event. In the 2014 Mw 8.2 Iquique earthquake sequence, we observed that some significant foreshocks (Mw≥5.5) were followed by the local bursttype repeaters (events with short reoccurrence times, less than 10 days) ( Fig. 2a and Fig. S10 ), suggesting the contribution from afterslip events (Igarashi et al., 2003) .
However, the large-scale apparent foreshock migration speed is in favor of the independent slow-slip event . Furthermore, the repeaters are distributed in a wide area (∼40×80km, Fig. 3a ), difficult to be driven by only a few large foreshocks. The estimated repeater-inferred aseismic moment during the foreshock period is around 2.0872e+19Nm, consistent with the geodetic aseismic moment of 4.4e+19Nmduring the foreshock period . Both are of the same order with the total amount of seismic moment of all foreshocks (2.251e+19Nm). These comparisons again support the slow-slip model since the ratio of post-seismic to coseismic moment is generally small in most earthquakes.
Our results highlight the propagation of slow-slip preceding the Mw 8.2 Chile mainshock. The estimated migration speed of seismicity is ∼3.6km/day. Although this speed is subjective to the choice of distance axis, our estimate is of the same order with that observed prior to the Tohoku-Oki earthquake (2-5 km/s) and the speed of the episodic slow-slip events in warm subduction zones such as Cascadia and Nankai . This is another piece of evidence supporting propagating slow-slip toward the mainshock hypocenter Nakagawa, 2014) .
Increased repeating earthquake activity has been observed in the foreshock sequences around the epicenters of some other large earthquakes such as the 1989 (Mw 7.1), the 1992 (Mw 6.9) and the 1994 (Mw 7.6) earthquakes off Sanriku, NE Japan (Uchida et al., 2004) . Furthermore, our result reveals that the propagation of accelerated slow-slip is illuminated by the path of the preseismic-only repeaters (Figs. 2a and 2c ). This indicates that the slow slip in the area of preseismic-only repeaters contributes more to the stress concentration around the Mw 8.2 epicenter, compared to the areas of other repeaters.
The week of relative quiescence of seismicity preceding the Mw 8.2 event (Fig. 2b) is consistent with the nearly steady motion of GPS near the mainshock and might correspond to a slow aseismic nucleation phase after the slow-slip transient ends.
The BP studies give rise to another interesting question in earthquake physics: what are the conditions for high frequency radiation? In several large megathrust earthquakes, including the Tohoku-Oki earthquake, the HF radiators identified by BP tended to be located down-dip from the LF slip of finite fault models Yao et al., 2011 , Lay et al., 2012 . This was the case for the Mw 7.6 aftershock since the two HF groups were located near the downdip fringes of two LF slip patches. The SMGP of the Mw 8.2 mainshock, revealed by the strong motion envelope at even higher frequency, was also located deeper than the HF radiators in BP analysis. Our preferred interpretation of the HF radiators points to small-scale brittle asperities in the brittleductile transition zone, a highly heterogeneous region. The asperity model is similar to the current model explaining the repeaters (asperities loaded by surrounding aseismic slip). The similarity of the two models explains the colocation of the HF radiation in the initial stage of the Mw 8.2 mainshock and the HF radiation of the Mw 6.7 foreshock with the pre-seismic repeaters' rapid occurrence. However, complications from the Mw 8.2 mainshock HF radiation suggest that rheological heterogeneity is not the only contributor to HF radiation. The HF energy of the Mw 8.2 mainshock is north of the edge of large coseismic slip in some finite fault models, and certainly not at its down-dip edge. Furthermore, not all repeater/foreshock asperities generate HF radiation during the mainshock, suggesting a difference in the mechanics controlling the asperity of HF radiation and repeaters. Moreover, the mainshock HF radiation is confined in a relatively small region (∼40km) given its magnitude. We observed connections between the gravity anomaly and coseismic rupture pattern. Fig. 6 shows the map of the trenchparallel gravity anomaly (TPGA), obtained by removing the effect of the trench-normal gravity gradient (Song and Simons, 2003) . We found that the large coseismic slip (based on Hayes et al. model) is in a region of low TPGA, consistent with previous findings that maximum coseismic moment release tends to occur in local TPGA minima or zones of negative TPGA (Loveless et al., 2010) . The HF radiation is located on a TPGA peak, which may represent a geometrical barrier separating seismogenic segments. This feature may physically correspond to a subducting seamount that introduces geometrical heterogeneity on the megathrust and thus promotes strong HF radiation. Alternatively, the HF may occur as a result of dynamic triggering of adjacent fracture networks above the megathrust developed through the seamount subduction (Wang and Bilek, 2011) . The incoming seamount chain in the TPGA map supports the possibility of seamount subduction. Fig. 6 shows that a scattered group of seamounts, located east of a more prominent seamount chain, may correspond to the region of HF radiation under the current direction of plate motion. This implies additional factors that control HF behavior, aside from rheological heterogeneity produced by along-dip material contrasts.
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2. Download full-size image Fig. 6 . Trench-Parallel Gravity Anomaly (TPGA) in the study region. The thick dark green lines denote the TPGA contour of −10 mgals. The back projections (colored squares) and finite fault models (color contours) are denoted in the same fashion as in Fig. 1 . The black arrow indicates the plate convergence between the Nazca and South America plates. (For interpretation of the references to color in this figure, the reader is referred to the web version of this article.)
The HF location coincides with a local gravity peak (gray area in Fig. 4a) , which may represent a subducting seamount or an upper-crustal structure that concentrates stresses at its edges or increases normal stress on the megathrust. Alternatively, the HF radiation occurs as a result of dynamic triggering of crustal faults above the megathrust.
Either of the two cases imply additional ingredients that control HF behavior, aside from rheological heterogeneity induced by the along-dip material contrast.
Another notable observation is the slow initiation of the Mw 8.2 mainshock. The finitefault models show slow rise of the moment rate function during the first 20 s of the mainshock. The BP shows that the earthquake propagates down-dip through the northern fringe of the foreshock region. The stress in this area may have been kept at a low level by recurrent slow-slip events, which explains the deficiency of moment rate in a low-stress region. On the other hand, unlike the moment rate function, the HF power gradually increased because the LF is sensitive to slip while the HF power is sensitive to heterogeneity. The initial rupture nucleated within the low-stress region, resulting in low LF moment rate during the first 20 s. Nucleation zone expansion in the heterogeneous region increased HF energy much more efficiently than LF. In this particular case, the HF and LF observations show two different aspects of the nucleation process.
Repeated ruptures have been inferred from finite-fault source models of the Tohoku-Oki earthquake, either activated by the free-surface reflection from the trench (Ide et al., 2011) or as a second nucleation in the hypocenter region . In the stage-2 HF rupture of the Iquique earthquake, the rim and the center of a semi-elliptical region break twice, during stages 2a-2b and 2c-2d. A possible interpretation is that although the earthquake managed to nucleate and propagate down-dip through a cascading failure of small asperities in stage 1 and stage 2a, the low stress release was unable to break the larger asperities in the area. At the end of stage 2a, the down-dip rupture finally reached the deepest regions of higher stress accumulation.
Subsequently, during stages 2b-2c-2d, the rupture transferred dynamic stress to shallow depths and triggered asperities that remained unbroken along the circular rim.
Such a hypothesis naturally explains the increasing HF power release towards later stages. A related model has been proposed for the 2011 Tohoku earthquake in which rerupture is controlled by heterogeneities of initial stress and involves delayed ruptures and interaction between separate ruptures (Goto et al., 2012) . Other possible re-rupture models involve stress concentration at the hypocenter of self-similar pulse-like ruptures (Nielsen and Madariaga, 2003, Gabriel et al., 2012) or a second stress drop induced by sudden fluid or gas pressurization due to dehydration or decarbonation transitions (O'Hara et al., 2006 , Sulem and Famin, 2009 , Brantut et al., 2010 , Galvez et al., 2012 . 
